This report describes studies performed in the framework of the Collimation Task Force organized to support the work of the second International Linear Collider Technical Review Committee. The post-linac beam-collimation systems in the TESLA, JLCNLC and CLIC linear-collider designs are compared using the same computer code under the same assumptions. Their performance is quantified in terms of beam-halo and synchrotron-radiation collimation efficiency. The performance of the current designs varies across projects, and does not always meet the original design goals. But these comparisons suggest that achieving the required performance in a future linear collider is feasible.
INTRODUCTION
We present a summary of comparisons of the collimation-system performance for the three main candidate linear-collider designs: JLUNLC, CLIC and TESLA. The essence of these results is included in Ref.
[l] and more details can he found in Ref.
[2].
For the next generation e+e-linear colliders (see [I] and Table 1 ). small fractional beam losses along the transpon line, or the presence of panicles far from the beam core in the IP region, may strongly affect the background conditions in the detector, as well as cause irradiation and heating of collider components. All machine designs need to remove this halo to a certain "collimation depth", which is generally set by the synchrotron-radiation fan generated by the halo particles in the last few magnets close to the IP by definition, all particles within the collimation depth generate photons that should pass cleanly through the IR. Halo particles outside this collimation depth are removed by physically intercepting them with '*collimators", which are formed by a thick absorber of many radiation lengths placed in the optical shadow of a thin spoiler, the thickness of which is generally less than one radiation length. Analytic estimates predict halo of the order of of the LC beam current. However, given the SLC experience, designers of collimation systems have taken the conservative approach to build a collimation system that would he able to intercept a fractional halo of of the beam -the number we assumed for the present study. The comparative studies were carried out using the program STRUCT 131. This package performs particle tracking, taking into account aperture restrictions, interaction of primary beam particles with collimators, beam losses, synchrotron radiation and transport of the photons along the heamline.
COLLIMATION IN LINEAR COLLIDERS
All designs have a dedicated primary collimation system (betatron and off-energy) located upstream of the final focus system (FFS). Additional secondary or "clean-up" collimators are located in the FFS. The maximum number of halo particles that may he intercepted in this secondary system is limited by the muon flux the detector can tolerate.
The primary system -which intercepts most of the halo losses in the secondary system to acceptable levels. At the same time, the combination of primary and secondary collimation must bring the halo population outside the collimation depth in the final doublets within tolerance.
Collimation of the beam requires putting material close to a beam with a high energy density, which in turn creates a risk that a missteered beam might destroy the collimator.
In practice, in order to limit the betatron functions in the collimation region, the design relies on thin (0.5-1 radiation length) spoilers which scrape the halo with minimal heating and enlarge the spot size of a missteered beam via multiple Coulomb scattering and energy loss. The enlarged beam is then absorbed in thick (30 radiation lengths) c o p per absorbers. Absorbers in the primary collimation section should lie in the shadow of their spoiler panner to reduce the probability of being hit directly by a missteered beam. Table 2 lists the physical properties of the spoilers and absorbers for the three machines. Fig. I shows collimator locations, horizontal dispersion and beam sizes in the BDS. Table 2 : Parameters and achieved performance of the postlinac primary collimation systems. az,y are the beam sizes at the primary spoiler (including the dispersive contribution); u ! ,~ refer to the betatron contributions alone. The spoiler settings are tighter than the effective collimation depth at the FD due to dispersive and higher-order effects.
RESULTS

Methodology
The effectiveness of the collimation system can he quantified in terms of: a) the fraction of initial halo particles that survive (or are rescattered out of) the primary collimation system and hit secondary collimators or other aperture limitations closer to the IP (this is relevant when estimating muon backgrounds), b) the number of halo particles that lie outside the collimation depth when they reach the final doublet (this is relevant when estimating synchrotron-radiation backgrounds).
For simulations of the effectiveness of the three collimation systems and of background conditions at the IP, the beam halo was represented by a large number of rays (typi- Table 2 .
Primary-collimation Efficiency
Figure 2 (top) displays, for each machine, the cumulative particle loss, starting at the IP and integrating hack to the entrance of the collimation system.
-The NLC design achieves a primary-collimation efficiency significantly better than resulting in less than lo4 panicles per train being lost in the secondary system. ' -In TESLA, with the primary collimation as currently designed, the loss rate in the secondary system amounts to about 1% of the initial halo population. Because the TESLA hunch spacing is longer than the entire bunch train for the warti machines, TESLA generally quotes hackground rates per bunch crossing. However the subdetector most sensitive to muon background, the time projection chamber W C ) , integrates over 150 bunches, so that for the same assumed incident halo fraction of the effective halo population becomes similar to that of NU3 and the effective loss in the secondary collimation system amounts to 3 . lo7 particles per sensitivity window.
-The CLIC collimation system achieves a primarycollimation efficiency of about 3 x
Halo Photons
The collimation-system performance achieved at the entrance to the final doublet, and the resulting level of haloinduced SR backgrounds, are summarized in Tables 3 and   4 . They can be characterized as follows.
In NLC, the edge of the collimation depth is sharply defined (Fig. 2 bottom) ; hut for no halo photons to hit (Table 3 ) and the number of halo photons per pulse is an order of magnitude larger in TESLA than in NLC, because of significantly stronger bending fields. This remark also applies to SR photons radiated by the core of the incoming e* beam.
The halo in CLIC-500 appears reasonably well-behaved, and the number of photons hitting the SR and IR masks is 'Here we present only the more pePIimiSIiC -e, i.e. without mil fold. ing OCNpler. included in NLC BDS. which allow widening the $pilei gaps by a factor of 3 to 4. NLC collimalion pmformance with these w Npoles is discussed in Ref. 141 of no concern. This promising performance was however obtained with rather tight collimator settings. Detailed simulations of the 500 GeV CLIC system are only beginning, and its collimator configuration is still in flux.
Synchrotron Radiation from the Beam Core
A sizeable flux of SR photons produced by the beam core (primarily in the last dipole) hits the SR masks on either side of the IP (Table 4) . In NLC. when integrated over the entire bunch train, the flux of SR photons from the core reaches a level that may deserve attention. In TESLA, about lolo core photonshunch hit the SR mask upstream of the IP, depositing lo9 GeVIeffective bunch train. While it is plausible that the effectiveness of the TESLA collimation system may be further improved, these results underscore the urgent need for more detailed studies. In CLIC. the flux of intercepted core SR photons is slightly lower than in NLC, presumably due to the fact that the CLIC IR has been optimized for 3 TeV c.m. energy. Further plans include continuing studies of muon backgrounds, evaluation of performance in a non-ideally tuned BDS with both static and dynamic errors, etc. 161.
SUMMARY
Comparative studies of the performance of the post-linac beam-collimation systems in the TESLA, NLC and CLIC designs have shown that the performance of the systems as currently designed is not uniform across projects, and that it does not always meet all the design goals. As of this writing, the CLIC and NLC collimation schemes appear the most promising. Improvements of the TESLA collimation system are expected to result from the ongoing overhaul of their BDS design [5]. Overall, the very existence of an acceptable solution suggests that achieving the required performance in future linear colliders is feasible.
